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Abstract: In the Earth's atmosphere, a zonal flow oscillation is observed with periods between

20 and 32 months, the Quasi Biennial Oscillation. This oscillation does not require external time

dependent forcing but is maintained by non-linear wave momentum deposition. It is proposed

that such a mechanism also drives long-period oscillations in planetary and stellar interiors. We

apply this mechanism to generate a flow oscillation for the 22-year solar cycle. The oscillation

would occur just below the convective envelope where waves can propagate. Using scale analy-

sis, we present results from a simplified model that incorporates Hines' gravity wave parameteri-

zation. Wave amplitudes <l 0 m/s can produce reversing zonal flows 0f25 m/s that should be

sufficient to generate a corresponding oscillation in the poloidal magnetic field. Low buoyancy

frequency and the associated increase in turbulence help to produce the desired oscillation period

of the flow.

I. Introduction

The Quasi Biennial Oscillation (QBO) dominates the mean zonal circulation in the Earth's

stratosphere at low latitudes. The period of this oscillation varies between 20 and 32 months and

its amplitude is close to 20 m/s. Employing Kelvin and Rossby-gravity waves, Lindzen and Hol-

ton (1968) and Holton and Lindzen (1972) established the important principal that wave-mean-

flow interactions can generate the oscillation without external, time dependent forcing; and

Plumb (1977) and others further elucidated the dynamical properties of this mechanism. Recent

satellite measurements and model results showed that the Kelvin and Rossby-gravity waves are

too weak to generate the QBO. Small-scale gravity waves (GW's), invoked by Lindzen ( 198 l) to

explain the anomalous temperature and wind reversals in the Earth's upper mesosphere, were

therefore introduced as additional or alternative source to drive the QBO (Mengel et al., 1995;

Mayr et al., 1997: Dunkerton, 1997).



Analogousto theGW driventerrestrialQBO,weproposethatupwardpropagatingGW's

interactingwith themeanflow mayalsodriveanoscillatingzonallysymmetricflow with a

periodof 22yearsin theSun,thusmakingit aplausiblecausefor themagneticcycle(andthe 11-

yearactivity cycle). For thismechanismto work, weenvisionGW's beinggeneratednearthe

solarcenter. Wolff (1983)showedevidencefor rotationalbeatperiodsof GW(g-modesin

astronomy)althoughtheoscillationperiodsaredifficult to detectconvincingly(Palle, 1991).

II. Terrestrial Quasi Biennial Oscillation (QBO) Driven by Gravity. Waves

For astrophysicists, we discuss briefly how the terrestrial Quasi Biennial Oscillation (QBO) is

generated by GW's. Gravity waves cannot be resolved with global-scale models, and parame-

terization is required to describe them. Lindzen (1981) first developed such a scheme, and at-

tempts have been made since to provide refinements. In our studies, we adopted Hines' Doppler

Spread Parameterization (DSP) that deals with a wave spectrum and accounts for wave-wave arid

wave-mean-flow interactions. The DSP provides the GW momentum source (MS) and eddy dif-

fusivi_ K due to wave driven turbulence, but there are uncertainties in the choice of parameters.

We applied the DSP in our Numerical Spectral Model (NSM), introduceld by Chart et al.

(1994), to study some aspects of the atmosphere dynamics in 2D and 3D settings (Mengel et al.,

1995; Mayr et al., 1997, 1998a, 1999). The QBO can be understood as being driven by the MS

that accelerates the zonal flow in the presence of K. In Figure 1 we reproduce a numerical simu-

lation of zonal wind oscillations [Figure 7a of Mayr et al. ( t 998a)] obtained for perpetual equi-

nox with constant solar heating. For this case, using the lowest K, amplitudes of 30 m/s are gen-

erated with an oscillation period close to 30 months while the phase progresses downwards, all in

qualitative agreement with observations.



Closeexaminationof theGW momentumsourcereveals(Mayr etal., 1998b)thatMS o_

OU/_z(U+6IU[/U)-2,whereU is thezonalwind, z is height,and(_is proportional(factor of order

one)to theGW horizontalwind variability, (_h,thatincreasesexponentiallywith height. A mo-

mentumsourceof this form representsa non-linearfunctionof U thatis of third or generallyodd

order. Givenafundamentalfrequencyof oscillation,co,suchanon-linearitygeneratesthehigher

harmonics3co,5co,etc. Importantly,thisnon-linearityalsogeneratesthe fundamentalfrequency

itself, sothattheoscillationis maintainedwithout externaltime dependentforcing.

To emulatethisnon-linearoscillatoranalytically,a toy modelwasdeveloped(Mayr et al.,

1998b)thatwill beappliedlaterto makeourcasefor thesolaranalog.A simplified analytical

representationof theMS wasappliedto thezonalmomentumbalanceattheequatorwherethe

Coriolis forcevanishesandmeridionalwindsdonot comeinto play. Reducedto a 1Dproblem,

asimplified solution is obtainedfor thezonalwind oscillation. GivenK (theDSPprovides)and

thevertical wavelengthof theQBO,X ---2H, (H thedensityscaleheight),theamplitudeandos-

cillation periodcanthenbeestimated.

The MS from the DSPdependson thebuoyancyfrequency,N. andis proportionalto (_h3k,,

with thehorizontalwavenumberk. recommendedto be (I00 km)l < k. < (10 km)l. The

horizontalwind variability, oh,at 20km is observedto varyfrom about2 m/s to 3 m/s. Applying

theabovetoy modelat20kin, weadoptN = 0.017(s-I),k. = (150km)-l, andK = 0.3m2/s.The

computedamplitude,U, andperiod,_,areshownin Figure2 for varying_handverticalwave-

lengthX,with respectivevaluesaround10m/sand24monthsthataresimilar to thosefrom the

• numericalmodel. TheresultsrevealthatU increaseswith cYhdue to the increasing MS, and it

increases with X due to the decreasing viscous stress, (2n/X)2KU. And with reduced viscous

stress, the time constant and oscillation period, '_, increase. The toy model thus captures the es-



sentialfeaturesof theQBO andits variationsin parameterspace,whichwe taketojustify apply-

ing it to the Sun.

III. Proposed Wave-Driven 22-Year Oscillation in the Sun

Model

We outline a model for the proposed flow (a Bidecadal Oscillation, BDO) below the convec-

tion region of the Sun. Since we are dealing with a high beta plasma, the plasma flow can be de-

rived independently from the magnetic field generated by the flow. At this early stage, we can

only suggest that the proposed wave-driven flow oscillation is a plausible driver for the "para-

sitic" solar poloidal magnetic field. No attempt is made to derive the magnetic field oscillation,

which would require a detailed flow model.

Figure 3 illustrates the proposed scenario of wave-driven fluid dynamics we envision to gen-

erate the 22-year magnetic cycle. In the radiative regime below the convection region, waves can

propagate. The low convective stability there (illustrated in the lef_ panel) represents a dynamical

environment that is well suited for wave-mean-flow interaction, wave breaking and turbulence.

In a process similar to that responsible for the terrestrial QBO, upward propagating waves de-

posit momentum and accelerate the mean zonal circulation in the presence of viscous dissipation

to produce the oscillation (bottom half of second panel). This oscillation is confined to low lati-

tudes (as illustrated), where the Coriolis force is weak so that momentum cannot be redistributed

efficiently by the meridional circulation. Due to the Coriolis force, however, a meridional circu-

lation is set up away from the equator (as illustrated), which is important for the dynamo process.

In the presence of a magnetic field, this meridional flow generates a Lorentz force that separates

the zonal flow velocities of the electrons and ions to generate oscillating zonal currents. The

zonal currents in turn generate a magnetic field whose polarity changes in 11-year intervals, as



illustratedin thebottomhalf of the lastpanel. Sincethemeridionalflow andLorentzforcego to

zeroat theequator,thezonalcurrentsalsovanishthere,asillustrated.

Scale Analysis and Numerical Results

For lack of better knowledge, we extrapolate from our terrestrial experience where applica-

ble. Vertical scale parameters related to the density scale height, H, need to be larger in the Sun

by a factor of 10 4. The vertical wavelength of the BDO oscillation is set to _ -- 30 Mm, a value

of about 0.4H that is proportionately smaller than 2H for Earth. We adopt for the wave ampli-

tude values, _h = 5 - 10 m/s, so that the waves carry a negligible fraction of the energy that comes

out of the solar interior. In relation to thermal energy, the postulated wave energy is orders of

magnitude smaller fbr the Sun than the Earth. For the horizontal wavenumber of the GW's we

adopt a value h = 80, which is 2 times larger than for the Earth and produces k, = (6 Mm)-_in the

Sun. Unlike the terrestrial case, where the buoyancy frequency is fairly constant throughout the

region of the QBO, N varies greatly below the base of the convection region of the Sun. There-

tore we present results tbr a range of N, along with different cyh values to quantify the wave am-

plitudes.

Plotted versus N and Gh, we present in Figure 4 the amplitude of zonal flow oscillation, U,

and period of oscillation, "_. We also present the variations in eddy diffusivity, K, provided by the

DSP for the chosen parameters. The results show that with increasing wave amplitude, o w both

K and U increase as one expects. With decreasing N (buoyancy frequency), K increases as ex-

pected; and if K were constant, U would also increase. But the increase in K reverses this trend

and causes the small decrease in U as Figure 4 shows. The oscillation period, z, decreases with

increasing cyh, because of the concomitant increase in acceleration. As seen from Figure 4, v also

decreases with decreasing N. This latter trend is understandable and shows the important role



that low N playsin producingreasonable'c values. Given the large length-scales in the Sun due

to its large temperatures, the flow cycle period would be exceedingly long, hundreds of years, if

it were not for the low buoyancy frequency (marginal convective stability) just below the base of

the convection region.

IV. Summary, Qualification, and Possible Observational Tests

Since the amplitudes of long-period waves are unknown in the solar interior, our analysis

must be speculative. To make the case for an astrophysical metronome, we carried out a scale

analysis by extrapolating our terrestrial experience to the Sun. Using the terrestrial QBO as a

fluid dynamical laboratory tbr insight, we applied a simple heuristic model to the radiative re-

,me in the Sun where waves can propagate. The estimates obtained from this model lead us to

conclude that the radiative regime near the base of the solar convection region where low con-

vective stability resides, is favorable to produce a wave-driven flow, oscillating with period on

the order of 22 years. With reasonable wave amplitudes, the estimated amplitude of the zonal

flow oscillation can be made to be of order 25 m s, which is comparable to the differential flows

that drive well-known solar dynamo models. In the region allocated for this flow oscillation, the

eddy diffusivity, generated by wave driven turbulence is enhanced due to low convective stability.

This reduces the turbulent momentum transfer between ions and electrons and would aid in gen-

erating the zonally symmetric currents that produce the oscillating magnetic field.

It is important to qualify our model. We have only shown that it is possible to generate rea-

sonable flow amplitudes and oscillation periods by choosing what we consider to be reasonable

GW parameters. While Hines' GW parameterization, DSP, has a strong physical basis and has

been applied with some success in the terrestrial setting, our understanding of GW processes is

still rudimentary. As pointed out earlier, the DSP comes with several free parameters. For a



givenGW wind variability, _h' wecouldhavechosenparameters,within therangerecommended

by theDSP,that doproducenot enoughof a momentumsourcean&'ortoo largeaneddydiffusiv-

ity sothatthedesiredBDO doesnot developin themodel. Andalmostthesamecould besaid

aboutour inability to produceuniquelyaQBOin theterrestrialsettingfor whichwe know so

muchmoreaboutGW's. Thus,planetarywavesmayalsobe involvedin driving theoscillating

flow in the Sun,asdiscussedfor theQBOby LindzenandHolton.

Helioseismology,solarsurfacetemperature,andeventuallyoblatenessmight showevidence

of theBDO. As emphasizedabove,therangeof freeparameterspreventsanyfirm prediction,

but asanexample,wediscussaBDO of peakstrength 20 rrv's and a thickness a times the density

scale height. If ct = 0.2 or larger, helioseismology could probably measure such a flow now

(Thompson, et al., 1996). The solar oblateness and the extra brightness of equatorial latitudes

have been measured by Kuhn, et al. ( 1998, 1987). They find low latitudes have a surface tem-

perature about 1.5 K larger than mid-latitudes and see a total oblateness of about 8 milliarcsec. If

the current 10% precision in oblateness were improved by two orders of magnitude, one should

be able to see the effect of the BDO on the Sun's shape. As the BDO flow dissipates into heat

each 11 year cycle, the resulting temperature difference between low and mid-latitudes might

already be detectible in data now accumulating. Let the BDO occupy all low latitudes up to 30".

Then its kinetic energy is about 0.5pU2(2n re: ctH), where rc is its radial location and p is the

mean density. Converting most of this to heat during 4 years of rapid decay represents a frac-

tional change in the solar irradiance ofAI/I = 5xl0Tctu 2 (,U in m/s) at these latitudes. The lin-

earized Stefan Boltzmann law, 4AT/T - AI/I, gives a surface temperature change AT - 0.06 K at

low latitudes for a = 0.2, which should be measurable with today's techniques. (For brevity, we

ignored diffusion in latitude and thus have only an upper limit to AT.) The mean power dissi-

pated by the above flow is - 10 .5 times the solar luminosity. We note that this is - 103 times as



largeasthepower(averagedover 11years)releasedby solarflares(deJager,1970). If large

scaleconvectioncancarrymuchof thisenergynearto thesurface,this example-BDOmayhave

enoughpowerto supplyall formsof solaractivity. Wolff (1984)hassuggestedseveraltimesthat

large-scaleconvectionandits resultingsmall-scalevortices,notmagnetism,area morebasic

cause of solar activity and its distribution over the solar surface.
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Figure Captions

Fibre 1: Contour plots of zonal winds at 4_'q computed for perpetual equinox, i.e., without

external time dependent forcing. A steady flow of gravity waves -- whose interaction with the

background flow is described with Hines' Doppler Spread Parameterization -- drives in a 2D

model an oscillation with a period of about 30 months. (Figure taken from Mayr et al., 1998a.)

Figure 2: Zonal wind amplitudes, U, and corresponding oscillation periods computed for

Earth from an heuristic analytical model. With fixed eddy viscosity of 0.3 m2/s. the oscillations

are derived at 20 km for different values of Gh and vertical wavelengths of oscillation, k. The

amplitudes and periods are in qualitative agreement with the numerical result shown in Figure 1.

Figure 3: Schematic illustration of the wave driven oscillator referred to as Bidecadal Oscil-

lation (BDO), proposed to generate the dynamo for the 22-year solar magnetic cycle. Near the

base of the convection region where the convective stability (N 2) approaches zero, the dynamical

conditions are well suited tbr waves to generate turbulence and deposit momentum in the back-

ground flow. The zonal flow oscillation (BDO) thus generated, analogous to the terrestrial QBO,

is accompanied by a meridional circulation. The meridional flow produces a Lorentz tbrce in the

fully ionized plasma of the Sun. In the presence of a magnetic field, this force drives oscillating

zonal flow currents. And the zonal currents can produce a poloidal magnetic field that changes

polarity in 11-year intervals.

Figure 4: Eddy diffusivities, K, zonal flow amplitudes, U, and oscillation periods, "_,derived

with the heuristic model applied to the Sun. Using scale analysis, the adopted parameters were

chosen in part by extrapolating from our terrestrial experience. "/'he amplitudes of long-period

I0



waves in the solar interior are unknown, and so our analysis must be speculative. The results

suggest that the proposed wave-driven oscillator needs to be placed near the base of the convec-

tion region where the buoyancy frequency is sufficiently low to produce a period of 22 years that

otherwise would be much longer considering the large scale height of the solar atmosphere.

1l



6O

2O

0

5 6

Figure 1

Earth
4O

ss

E 50

r<

25

Figure 2

7 8 9 10 11 12 13 14

Time (years)

Zonal W nd Amplitude Ll(rn//s

_; "- \\ \M

2.2 2.4 2.6 2.8 5,.0

_,h(m/s)

2O

2.0

• , __/ i)F-c'-._h,,OscFltation Per,oc :\months

2 5, - _._- -;
1

_ _-J _ 4

2.0 2.2 2.4 22.6 2.8 5.0

/ rq ,/S )'.'-,q-_ \ ,

15



Wave Driven Non-linear Oscillator

(BDO) Zonal Main Dynamo

T= --

o I
O .,,w.-Latitude Equator _e,"l(llo _ Latitude Equator

................ _- -°scJlla'2a/_/o_ ..................... 4

-_ Meridional

\ Zonal Row Flow Oscillation OscillationLorentz Force

\ O,c,,,,,,on VxB ==> z_B(t) '
_. --time-=,,.. __ i -time-=..- A
X i 22 years -------_ -- -----_._ ...... 22 years-- -

Waves AB(t)
Wave mean-flow %

interaction
& turbulence

Figure 3

<_!jn Eddy OifFusiv;ty _<Ir_"a_2/s)

-4- .......'-2
;t ,/ X

5 6 7 8 9 10

Sun ZonoI Wind AmplE'ude U(m/s)

6U '\' \ \ \, - .... _ :

5 6 7 8 9 lO

Sun Oscillotiom Period T(mon(hs)

r)_:"_TF/C/-717---:_-''7....7_q
_II I_,_ " _,2 _ ,._ c,_ / 4._' !
_!._;;i_....._ - _--, _-,' / t

_'///,/ / / / ,," , -.i
o U///. // / "" /' ;

7/ / i f / /"-- _ /I.'t I / / -- -I" '
4 V// / /i /// // // /// t

5 6 7 8 9 10

Figure 4 _,(_/e


